Although early studies demonstrated that exogenous estrogen lowered a woman's risk of cardiovascular disease, recent trials indicate that HRT actually increases the risk of coronary heart disease or stroke. However, there is no clear explanation for this discrepancy. Is estrogen a helpful or a harmful hormone in terms of cardiovascular function? This review discusses some recent findings that propose a novel mechanism which may shed significant light upon this controversy. We propose that nitric oxide synthase (NOS) expressed within the vascular wall is a target of estrogen action. Under normal conditions in younger women, the primary product of estrogen action is NO, which produces a number of beneficial effects on vascular biology. As a woman ages, however, there is evidence for loss of important molecules essential for NO production (e.g., tetrahydrobiopterin, L-arginine). As these molecules are depleted, NOS becomes increasingly "uncoupled" from NO production, and instead produces superoxide, a dangerous reactive oxygen species. We propose that a similar uncoupling and reversal of estrogen response occurs in diabetes. Therefore, we propose that estrogen is neither "good" nor "bad", but simply stimulates NOS activity. It is the biochemical environment around NOS that will determine whether estrogen produces a beneficial (NO) or deleterious (superoxide) product, and can account for this dual and opposite nature of estrogen pharmacology. Further, this molecular mechanism is consistent with recent analyses revealing that HRT produces salutary effects in younger women, but mainly increases the risk of cardiovascular dysfunction in older postmenopausal women.
reverse menopausal complaints (e.g., osteoporosis, hot flushes, thinning of vaginal epithelium). Exogenous estrogen is highly efficacious at treating these symptoms. In addition, at this time it was a commonly-held belief that estrogens could protect against the most serious health risk in Western society: cardiovascular disease [1, 2] . The Nurses' Health Study realized a 40% reduction in coronary heart disease events over time in women who used HRT after menopause [3] . In addition, laboratory studies demonstrated that estrogen lowered coronary vascular resistance and enhanced coronary blood flow either in vitro [4] or in vivo [5] , and ameliorated myocardial ischemia or improved coronary vasodilatory responses in both female [6] [7] [8] and male [9] patients. Furthermore, estrogens reduced coronary heart disease by 40-50% through multiple mechanisms, including favorable effects on plasma lipoproteins, antioxidant effects, preservation of vascular endothelium function, upregulation of nitric oxide synthase, enhanced NO production, inhibition of platelet aggregation, increased prostacyclin production via upregulation of cyclooxygenase-2 activity, decreased cell adhesion molecules, and decreased inflammatory factors [1, [10] [11] [12] .
Despite the prevalence of findings that estrogen supported and even enhanced cardiovascular function, data from large-scale clinical trials, notably the Women's Health Initiative (WHI), indicated that postmenopausal women receiving HRT actually exhibited an increase in the incidence of both coronary heart disease and stroke [13] . These trials substantiated the findings that estrogen could lessen the impact of osteoporosis, genitourinary, and other menopausal complications; but, in light of the unexpected findings that estrogens could actually exacerbate cardiovascular dysfunction, physicians have become hesitant to prescribe HRT for their patients. In addition, the American Heart Association continues to recommend that women avoid HRT as a possible means of preventing cardiovascular disease. In light of these trials, reports, and opinions, the majority of menopausal women are today avoiding the use of HRT.
Recent review of clinical trials is now supporting the idea that the age of a woman, particularly how many years since the onset of menopause, may be a critical factor in predicting the eventual outcome of HRT. The mean age of women receiving HRT (estrogen + progesterone) in the WHI was 63 years, with an overall outcome of 40% increased risk of stroke and 24% increased risk of coronary heart disease. Similar increases in risk were noted in women receiving only estrogen therapy; however, younger women in this same group (age 50-59) actually experienced a 44% reduction in coronary heart disease (CHD) compared to the placebo control group --a finding similar to that of the Nurses' Health Study [3] . In contrast, estrogen therapy actually increased the risk of CHD for older women (70-79 years) compared to those receiving only placebo. Interestingly, these findings are consistent with other clinical trials as well. For example, a recent commentary on two HRT arms of the WHI concluded that women initiating HRT at a younger age (i.e., closer to onset of menopause) exhibited a lower CHD event rate compared to older subjects (i.e., > 60 years of age), indicating that HRT is indeed a safe and effective therapeutic option for the primary prevention of CHD in postmenopausal women, provided the treatment is started at a suitable (i.e., younger) postmenopausal time and at a suitable dose [14] . Therefore, there is increasing evidence that the age of a woman appears to be a critical factor in determining the overall outcome of HRT. Specifically, there looks to be a clear inverse correlation with age and potential HRT benefit. In other words, the older a woman is when HRT is initiated, the less likely she will experience beneficial effects of estrogen on the cardiovascular system; or instead may actually experience deleterious effects of HRT, with possible increases in the risk of coronary heart disease and/or stroke [12] . Despite this apparent relationship between age and HRT effectiveness, experimental evidence proposing a cellular/molecular basis for this phenomenon remains controversial. It is still a mystery as to why "younger" women tend to respond more positively to exogenous estrogen treatment compared to "older" women. In face of this uncertainly, we have proposed a mechanism residing in the wall of blood vessels (and other tissues as well) that could conceivably account, at least in part, for this dual and opposite effect of estrogen on cardiovascular function [15] .
Estrogen as a coronary vasodilator
Estrogen is a well-known vasodilator, both vivo and in vitro. Nonetheless, acute effects of estrogens on vascular resistance and blood flow continue to be controversial. Clinical studies reveal that acutely administered (15 -60 min) estrogen induces coronary vasodilation in both male and female patients. For example, sublingual estrogen delays the onset of exercise-induced myocardial ischemia in women [16] , and intravenous estrogen attenuates abnormal coronary vasomotor responses in men [9] or postmenopausal women [6] with established CHD. Clearly, estrogen exerts a rapid, probably non-genomic, vasodilatory effect on the coronary circulation; however, our understanding of the molecular basis of how estrogen affects coronary arteries is far from complete.
It is often assumed that estrogen-induced relaxation of coronary artery smooth muscle (CASM) is primarily indirect, i.e., mediated by endothelium-derived vasodilatory substances. While it is clear that estrogen can indeed stimulate the release of NO from endothelial cells to relax the underlying CASM, estrogen can also induce endotheliumindependent relaxation of human coronary arteries [17, 18] . We have demonstrated directly that estrogen opens K + channels in isolated human CASM cells by stimulating production of NO in the absence of endothelium [19] . Therefore, there appears to be a redundancy of estrogen target cells in the coronary vascular wall: endothelial and CASM cells, both of which express estrogen receptors. Because of the ability of steroids to penetrate lipid bilayers, it is likely that estrogen can affect both cell types under normal conditions. Moreover, the direct effect of estrogen on human CASM cells may be an important mechanism for helping to counteract pathological coronary vasoconstriction in arteries with a damaged or diseased intima, as evidenced by clinical studies demonstrating that acute (15-30 minute) administration of estrogen to postmenopausal women with coronary artery disease relieves myocardial ischemia [7, 8] and increases coronary blood flow [6] . These and other studies have established the fact that acute exposure to estrogen induces a relaxation of coronary arteries. In vivo, such relaxation would enhance coronary blood flow, and should thereby help alleviate the symptomology associated with coronary ischemia. Therefore, one would assume that the primary outcome of HRT would most likely be a lower risk of myocardial ischemia and/or infarction. As noted above, however, initiating HRT in older menopausal women actually increases the risk of coronary heart disease in test subjects.
Estrogen and vascular smooth muscle: signal transduction leading to rapid relaxation
We had originally demonstrated that estrogen-induced relaxation of endothelium-denuded coronary arteries involves activity of the large-conductance, calcium-and voltage-activated potassium (BK Ca ) channel via stimulation of NO production in CASM cells [20] . We have now established that the majority of estrogen-stimulated NO production in CASM is from NOS-1 (nNOS). Inhibiting NO production prevents estrogen from increasing BK Ca channel currents in CASM cells [21] , and estrogen enhances NO-stimulated fluorescence in human CASM cells [22] . Moreover, we recently demonstrated that overexpression of NOS-1 enhances BK Ca channel activity in human CASM cells, and that estrogen-stimulated channel activity was inhibited by N ω -propyl-L-arginine (LNPA), which inhibits NOS-1 selectively [23] . Therefore, we have identified NOS-1 as a probable target of estrogen action in CASM.
Dual and opposite effects of estrogen in the vasculature: one mechanism, two outcomes
Production of NO in the vasculature is generally considered to be a "good" thing, leading to vasodilation, attenuated release of endothelin-1 and thromboxane A2, inhibition of platelet aggregation, and inhibition of smooth muscle proliferation, and stimulation of endothelial cell proliferation / angiogenesis [24] . Therefore, we hypothesized that the "good" cardiovascular effects of estrogen were likely mediated via NO produced in the endothelial and vascular smooth muscle cells (and primarily in smooth muscle cells when endothelial cells are damaged by aging, atherosclerosis, diabetes, etc.), while the "bad" effects must be due to a secondary, NO-independent mechanism. Laboratory and clinical studies supported the idea of beneficial effects of estrogen-stimulated NO production. For example, aortae from females release more NO than vessels from males [25] , suggesting a role for estrogen in elevated NO production. Furthermore, NO production is increased during pregnancy [26] and during the preovulatory phase of the menstrual cycle when estrogen levels are highest [27] . Thus, there is considerable sexual dimorphism in the production of NO which correlates positively with estrogen levels --at least for women during their childbearing years, who, in general, exhibit a significantly lower risk of cardiovascular disease compared to males of similar age. On the other hand, the identity and molecular nature of a mechanism whereby estrogen could promote cardiovascular dysfunction were still unknown.
A potential clue into this dual nature of estrogen action was gained from studies investigating the mechanisms of estrogen-induced artery coronary relaxation. While attempting to block estrogen-induced relaxation of endothelium-denuded coronary arteries, we uncovered an unexpected effect of estrogen: coronary artery constriction. We were able to not simply attenuate estrogen-stimulated coronary relaxation by inhibiting L-arginine binding to NOS-1, but instead converted the expected vasodilatory response of estrogen into a powerful (and very unexpected) estrogen-induced coronary constriction [15] . Here was a novel mechanism whereby estrogen could induce vasoconstriction and thereby limit blood flow to vital organs -and possibly contribute to an increased risk of CHD and stroke. Interestingly, the contractile effect of estrogen on coronary arteries could be completely reversed by attenuating superoxide production with either tempol (superoxide dismutase mimetic) or tiron (superoxide scavenger), strongly suggesting that this vasoconstriction was likely mediated by reactive oxygen species (e.g., superoxide). Fluorescence studies then confirmed estrogen-stimulated superoxide production in CASM cells when NO production had been inhibited by blocking access of L-arginine to NOS-1 [15] . Furthermore, the vascular effect of estrogen was completely dependent upon the presence of L-arginine: with L-arginine, estrogen was a coronary vasodilator; when L-arginine binding to NOS-1 was inhibited, estrogen was a coronary vasoconstrictor. These studies strongly suggested that NOS-1 was the primary site of estrogen-stimulated superoxide production, although we did not conclusively rule out other potential sites of action (e.g., NADPH oxidase, xanthine oxidase). Therefore, we now had evidence linking a single enzyme, NOS-1, to both estrogen-induced coronary relaxation and constriction: a single molecular mechanism of estrogen action that could possibly account for two completely different physiological outcomes.
NOS-1 as a source of both NO and superoxide
NOS is a multifunctional enzyme, possessing both oxygenase and reductase domains with binding sites for several cofactors. Interestingly, it is the disposition of the microenvironment around NOS which will determine its primary product. For example, NOS can catalyze an "uncoupled" NADPH oxidation to generate superoxide rather than NO [28] , and O 2 -has been suggested to play a role in age-related increased coronary vascular resistance due to its oxidative potential and ability to further reduce NO bioavailability [29] . Interestingly, among the NOS isoforms it is NOS-1 that exhibits the greatest tendency to generate superoxide under uncoupled conditions [28, 30] ; "uncoupled", in this sense, meaning the inability to produce NO due to lack of substrate and/or cofactors. Because NOS-1 is the only NOS isoform detected in CASM and NOS-1 is clearly a target of estrogen action in these cells, we propose that NOS-1 is an important source of estrogen-stimulated superoxide production in CASM. Furthermore, all NOS isoforms have the ability to produce superoxide. Therefore, NOS-3 (eNOS) should also be a potential mechanism for estrogenstimulated superoxide production in the vasculature, and might also contribute to deleterious effects of estrogen on cardiovascular function in vessels.
Aging and decreased NO availability
There is evidence that the aging process could be associated with increased uncoupling of NOS activity, leading to enhanced production of reactive oxygen species as a woman ages. For example, aging reduces the levels of L-arginine and tetrahydrobiopterin (BH 4 ), both of which are critical cofactors required to sustain NO production from NOS activity. As a woman ages, her serum L-arginine levels and NO production decrease [31, 32] , leading to enhanced oxidative stress on the cardiovascular system [33] . In addition, arginase activity is upregulated in the aging vasculature, thus lowering the availability of L-arginine for NOS activity in either endothelium or vascular smooth muscle [34] . Concomitant with agedependent loss of L-arginine, BH 4 synthesis also declines with age [35] . BH 4 , which is essential for generating NO and inhibiting O 2 -production from nNOS [36] , is decreased by nearly 30-fold by diet-induced hyperlipidemia [37] . Therefore, lower levels of BH 4 would increase the tendency to uncouple NOS activity as atherosclerosis progresses to further predispose arteries to oxidative damage. In summary, it appears increasingly likely that as women age and atherosclerosis progresses there is reduced NO bioavailability and enhanced oxidative stress.
Our findings that estrogen can stimulate NOS activity, yet produce two very different products, suggest that a NOS stimulator (such as estrogen given to women in HRT) would very likely accelerate the normal age-related decline in cardiovascular function via enhanced generation of reactive oxygen species. In addition, and maybe somewhat surprisingly, estrogen should also modulate vascular reactivity in men. Aromatase is expressed in arterial smooth muscle [38] , thus providing a local mechanism for de novo synthesis of estrogen from androgens in the vasculature of both males and females in a manner completely independent of plasma estrogen levels. In fact, higher plasma levels of testosterone might actually enhance the overall production of estrogen within the vascular wall (assuming sufficient expression and activity of aromatase). Regardless of the source of estrogen (circulating or autocrine in origin), our findings now provide a novel molecular mechanism whereby intravascular synthesis of estrogen could impact cardiovascular function in both women and men to produce either physiological or pathophysiological effects.
Age and the WHI: uncoupling the controversy?
As discussed above, findings from the WHI demonstrated an overall increased risk of cardiovascular disease when taking HRT; however, when age of the participants was taken into consideration, it was apparent that the younger women in the trial (age <60 years) actually obtained a reduction in cardiovascular risk from HRT. It was primarily the older women (age > 60 years) who experienced the greater risk after receiving HRT. Thus, there was an age-dependency to the outcome of HRT, with younger women exhibiting more beneficial outcomes. Could this difference be explained, at least in part, by HRT producing predominantly NO in these younger women, whereas reactive oxygen species were the primary products of HRT in the older subjects? If so, this could help explain the confusing dichotomy of responses to estrogen, and is also consistent with findings that younger women receiving estrogen-containing oral contraceptives seldom experience cardiovascular complications (other than possibly an increased risk of venous thromboembolism in some women, especially if they are smokers).
An interesting study by Chen et al. [35] has demonstrated that a woman's brain can lose most (~81.5%) of the enzymatic machinery to synthesize BH4 as she ages. In fact, these studies suggest that by the age of 50 her neuronal level of GTP-cyclohydrolase-I (GTPCH; the key rate-limiting enzyme in BH4 synthesis) is reduced by nearly 50%. Based on our model, we would predict that estrogen might promote cognitive function in "younger" menopausal women, but would have no (or possibly a negative) effect on learning and memory in older menopausal women whose NOS would exist primarily in the uncoupled state (i.e., HRT might promote oxidative stress and thereby impair cognitive function in older subjects). This concept, though admittedly speculative at present, is entirely consistent with the so-called "critical period hypothesis" which proposes that HRT can enhance cognitive function in women, but only in the early (i.e., middle-age) menopausal years [39] . Estrogen treatment after this therapeutic window appears to be largely ineffective in preventing age-related cognitive decline. We speculate that such a "critical period" also exists for estrogen-associated protection against age-related cardiovascular decline, and that once this time frame has passed, HRT could further accelerate such a decline. Interestingly, these findings also support the novel idea that menopause, far from being simply a deleterious consequence of aging, might actually be a beneficial adaptation to prevent excessive oxidative stress otherwise produced by estrogen in older women. Could menopause be nature's way of protecting women from potential age-related harmful effects of estrogen?
Women, estrogen, and diabetes: a model of premature aging?
Although the deleterious consequences of diabetes cut across all races, cultures, and genders, it is becoming increasing clear that women are at greater risk for diabetesassociated cardiovascular disease than men. During childbearing years women are relatively protected against significant cardiovascular dysfunction compared to men of similar age, but diabetes blunts this potential benefit of female gender [40] . Despite the fact that cardiovascular mortality continues to decline for both non-diabetic men and women, and also for diabetic men, age-adjusted cardiovascular mortality has actually increased 23% for diabetic women [41] . Diabetes produces particularly disparate outcomes for coronary heart disease, with risk of fatal CHD 50% higher in diabetic women than in men [42] . Similar studies indicate that diabetes more than doubles the rate of death due to CHD in women compared to men (90% vs. 40%, respectively) [43] . It is not known, however, why diabetic women tend to suffer more cardiovascular disease compared to diabetic men.
In some respects diabetes can be considered to mimic premature aging. This is particularly true for diabetic cardiovascular disease, which is characterized by a higher incidence of atherosclerosis, hypertension, and CHD. In addition, it is well-known that oxidative stress is increased in diabetes. Diabetes reduces expression of GTPCH [44] , as occurs during the normal aging process in females. Further, diabetes substantially increases the activity of arginase, which depletes L-arginine [45] . Diabetes-associated loss of BH4 and L-arginine would promote NOS uncoupling, and further elevate the potential for oxidative stress and decreased NO bioavailability in diabetes. Such stresses most likely contribute to the increased cardiovascular dysfunction associated with both type 1 and type 2 diabetes. Recent findings from our laboratory suggest that NOS-1 expressed in CASM from diabetic pigs exists primarily in the uncoupled state, and thus is a mechanism for estrogen-stimulated production of superoxide (Figure 1 ).
In our studies Yorkshire swine were rendered diabetic by injection with streptozotocin and maintained as a model of humanoid diabetes, as described previously [46] . Coronary arteries were harvested and prepared for contractile-force recordings, as described previously [15] . We found that estrogen had little effect on arteries from control swine; however, when these control arteries were first pretreated (30 minutes) with 100μM L-NMMA in order to "uncouple" NOS activity from NO production, estrogen (100nM) now produced a significant contractile effect (Figure 1 ). This contractile response could be reversed by inhibiting accumulation of superoxide with either tempol or tiron, indicating that estrogenstimulated coronary artery contraction resulted from superoxide production during these artificial "uncoupled" conditions. Most interestingly, we observed that 100nM 17β-estradiol contracted coronary arteries from diabetic pigs in the absence of any other agents. This contractile effect was inhibited by tempol, strongly suggesting that estrogen stimulates production of superoxide in these vessels to induce coronary contraction. Thus, it was apparent that diabetes can transform "normal" estrogen-induced coronary artery relaxation into a "pathological" vasoconstrictor effect dependent upon generation of reactive oxygen species. Our previous studies demonstrated that we could make control arteries respond like "diabetic" arteries when we had uncoupled the activity of NOS-1, and thereby allowed estrogen to stimulate production of superoxide instead of NO [15] .
These findings raise the interesting possibility that diabetes transforms estrogen from a "helpful" into a "harmful" hormone, and also suggest a potential mechanism that could help explain why women suffer greater cardiovascular risk in diabetes compared to men: estrogen-stimulated oxidative stress in diabetic women. This hypothesis of "premature cardiovascular aging in diabetes" is very consistent with the clinical findings that estrogen appears to produce mainly deleterious consequences in older postmenopausal women, but is largely beneficial in younger women. We suggest that diabetes may be thought to accelerate the normal aging process, particularly in women, and thus promote cardiovascular dysfunction, at least in part, by estrogen-stimulated oxidative stress in the female vascular system. Our findings indicate a critical role for NOS uncoupling in this process, and suggest this enzyme as a new potential therapeutic target for preventing diabetic cardiovascular complications in women (and possibly men).
Conclusions
We propose that, in reality, estrogen is neither "good" nor "bad", and that estrogen signaling mechanisms remain rather constant over a woman's lifespan. Instead, our findings suggest that it is the biochemical microenvironment around NOS (NOS-1 in vascular smooth muscle; NOS-3 in endothelial cells) that will ultimately determine whether the overall effects of estrogen and HRT are either "good" or "bad" in terms of cardiovascular function (Figure 2) . Our model further suggests that if important precursors and cofactors that decline with normal aging (e.g., L-arginine, BH4) could be supplemented exogenously, then the overall health benefits of HRT might be restored such that women, no matter their age, would experience a reduced risk of cardiovascular disease when taking HRT. Further, if premature uncoupling of NOS activity is a contributing factor to a woman's greater risk of suffering cardiovascular disease in diabetes, then such supplementation might also aid in reversing the morbidity and mortality associated with this disease state. Of course, more research must be done to further test the proposed model; but if subsequent studies can confirm that estrogen stimulates NOS to produce both NO and superoxide, then possibly a new therapeutic window could be opened to help lower the risk of cardiovascular disease.
Such measures would be particularly important as our population experiences increasing lifespans due to the advances in biomedical research. Estrogen contracts coronary arteries when NOS is uncoupled pharmacologically or by a disease state (diabetes). Isometric contractile force recordings demonstrate that 100nM 17β-estradiol (20 min), a known coronary vasodilator, contracts endothelium-denuded coronary arteries from normal pigs after treatment with 100μM N-monomethyl-L-arginine (LNMMA) to uncouple NOS activity (n=10; gray bars). Interestingly, estrogen produced the same level of contraction in untreated coronary arteries from diabetic pigs (n=5; black bars). Estrogeninduced contraction of these "diabetic" arteries was completely reversed by further addition of 1mM tempol, a superoxide dismutase mimetic. Summary Hypothesis: Diabetes transforms the "normal" vasodilatory response of CASM to estrogen into coronary vasoconstriction by enhancing ROS production. Because BH 4 and Larginine levels are depleted by diabetes, there should be greater potential for "uncoupled" NOS to produce mainly superoxide (and peroxynitrite). This increased oxidative stress opens Ca channels and/or closes BK Ca channels, thus leading to increased [Ca 2+ ], and coronary artery contraction.
